During the early stages of meiosis in Neurospora, the symmetry of homologous chromosomal regions is carefully evaluated by actively trans-sensing their identity. If a DNA region cannot be detected on the opposite homologous chromosome, then this lack of "sensing" activates meiotic silencing, a post-transcriptional gene silencing-like mechanism that silences all genes in the genome with homology to the loop of unpaired DNA, whether they are paired or unpaired. In this work, we genetically dissected the meiotic trans -sensing step from meiotic silencing by demonstrating that DNA methylation affects sensing without interfering with silencing. We also determined that DNA sequence is an important parameter considered during meiotic trans-sensing. Altogether, these observations assign a previously undescribed role for DNA methylation in meiosis and, on the basis of studies in other systems, we speculate the existence of an intimate connection among meiotic trans-sensing, meiotic silencing, and meiotic recombination.
H OMOLOGY-sensing mechanisms are at center nol 1999). For example, DNA methylation is often associated with repeat-rich intergenic regions in plants and stage in biology (Wu and Morris 1999) . Complex genomes have evolved sophisticated ways to sense is present in DNA repeats in mammals (Bennetzen et al. 1994; Yoder et al. 1997) . the presence and to control the behavior of repeated DNA It is therefore not surprising to find that the same sequences. At risk is their chromosomal integrity and, molecular mechanisms used by cells to maintain their with it, the very existence of the organism. The situation genome stability have been recruited to counteract the is more critical in meiosis, a developmental stage that invasion of a genome by viruses, retrotransposons, and requires cells to activate a series of sophisticated molecuinsertion sequences, which, if unchecked, can have deadly lar mechanisms that will ensure precise chromosome consequences to the organism. Arguably, filamentous funduplication, repair, and recombination (Kleckner 1996;  gal genomes are at a greater risk than those of plants and Kleckner 1998, 1999 ; Roeder and Bailis animals because a single cytoplasm is shared by many 2000; Villeneuve and Hillers 2001) . Here, at least nuclei in these organisms. Genomes like that of Neurospora two things are critical. First, chromosomal integrity must crassa have developed a number of complex molecular be maintained. Even a small increase in the frequency of mechanisms to preserve their integrity (Galagan et al. ectopic recombination between dispersed repeats would 2003; Borkovich et al. 2004) . At least four distinct but have catastrophic consequences for the genome. Second, potentially interrelated mechanisms are known: DNA the genetic information of homologous chromosomes methylation, quelling, repeat-induced point mutation must be compared to determine whether the chromo-(RIP), and meiotic silencing. somes participating in meiosis belong to the same species.
Imagine that, during haploid development (i.e., vegeThe destructive potential of dispersed repeats has tative growth), a series of repeated elements invade the been thoroughly studied (Rouyer et al. 1987; Mont- genome; if their sequence composition is distinct from gomery et al. 1991; Small et al. 1997) as have been the that of native Neurospora sequences, they will be defactors responsible for limiting recombination between tected and densely methylated (Miao et al. 2000) , a prorepeats (Shen and Huang 1986; Rayssiguier et al. 1989;  cess that can interfere with transcription elongation Jinks- Robertson et al. 1993; Radman and Wagner 1993 ; (Rountree and Selker 1997) . Alternatively, their presMaloisel and Rossignol 1998). As a result of these ence can activate quelling, a vegetative RNA-silencing studies, it is increasingly clear that DNA methylation mechanism Macino 1999, 2000 ; Cogoni plays a major role among the many molecular mecha-2001; Pickford et al. 2002) . Once activated, quelling nisms involved in genome stability (Colot and Rossig- produces a diffusible signal (i.e., small interfering RNAs) that interferes with the propagation of the repeated element within and between sibling nuclei, thereby pro-1 nuclei containing these repeated DNA elements enter The paired alleles could "sense" (i.e., trans-sense) the presence of their partners in homologous chromosomes the sexual phase of their life cycle, the duplicated sequences are then subjected to another haploid-specific (Aramayo and Metzenberg 1996) . But, how could genes be dominant by being absent silencing mechanism, RIP (Selker 1990 (Selker , 1997 Freitag et al. 2002) . In this process, a series of GC-to-AT transiin homologous chromosomes? This apparent genetic contradiction was resolved by Shiu et al. (2001) , who tion mutations are introduced into the duplicated sequences. Many of the remaining nonmutated cytosine demonstrated that the mechanism behind the ascus dominance observed was probably post-transcriptional, bases are methylated by DIM-2, a DNA methyltransferase responsible for all the known cytosine methylation on the basis of the observation that mutations in Suppressor of ascus dominance-1 (Sad-1), coding for an RNAin Neurospora (Kouzminova and Selker 2001) . Additionally, these sequences are frequently blocked in trandependent RNA polymerase (RdRP), suppress the ascus dominance exerted by unpaired copies of Asm-1 or other scription elongation and associated with trimethylated histone-H3, lysine-9 (H3-K9) chromatin (or heterochroequivalent reporter genes (Shiu et al. 2001; Lee et al. 2003b) . The production of a hypothetical RNA-based matin; Rountree and Selker 1997; Tamaru et al. 2003) .
Finally, any remaining element will be scrutinized by diffusible signal could explain why the presence of a single unpaired copy of Asm-1 could silence all paired and two highly interrelated mechanisms that rely on chromosome pairing to control the integrity of the genomes unpaired copies of the gene. The presence of a meioticspecific RNA-silencing pathway in Neurospora has now participating in meiosis. These processes are called meiotic transvection (Aramayo and Metzenberg 1996) and been well established by our demonstration of an Argonaute-like protein, Suppressor of meiotic silencing-2 (Sms-2; meiotic silencing (Shiu et al. 2001) . Meiotic transvection (or trans-sensing) is initiated in the diploid zygotic cell of Lee et al. 2003b) , and a Dicer-like protein, Suppressor of meiotic silencing-3 (Sms-3; M. McLaughlin and R. AraNeurospora immediately after karyogamy, in the narrow window of time at the onset of meiosis during which mayo, unpublished results), in meiotic silencing. This study was prompted by the need to genetically homologous chromosomes align and "sense" each other, but before the first meiotic division occurs (Aradissect meiotic trans-sensing from meiotic RNA silencing. This is not trivial, given the intimate relationship mayo and Metzenberg 1996). The zygote is the only known diploid cell of Neurospora and thus the only between these two processes. Intensive studies on the unpaired behavior of different DNA regions of the Asm-1 cell in Neurospora in which trans-sensing, first seen in Drosophila (Lewis 1954) , occurs. When a gene fails to reporter gene confirmed a post-transcriptional genesilencing model for meiotic silencing (Kutil et al. 2003 ; "sense" its partner in the homologous chromosome, the resulting unpaired DNA triggers meiotic silencing, an Lee et al. 2003b Lee et al. , 2004 ), but they did not dissociate transsensing from meiotic silencing. Here, we tested the hy-RNA-mediated post-transcriptional gene-silencing mechanism that, once activated, persists during the subsequent pothesis that meiotic trans-sensing and meiotic silencing could be genetically dissected by studying the genetic meiotic divisions but is reset at some point prior to germination.
behavior of homeologous (i.e., partially homologous) DNA regions. We observed that DNA methylation affects Meiotic trans-sensing was discovered through a combination of design and serendipity during our studies meiotic trans-sensing but not meiotic silencing. We further determined that in the absence of DNA methylaof the complex Ascospore maturation-1 (Asm-1) gene in Neurospora (Aramayo and Metzenberg 1996; Ara- tion, the dominance of the alleles tested moderately correlates with DNA identity, suggesting that DNA semayo et al. 1996) . ASM-1 (the product of asm-1 ϩ ) is an abundant nuclear protein essential for the formation quence is also an important parameter during meiotic trans-sensing. Together, these experiments assign a preof aerial hyphae, the development of protoperithecia (the haploid female sexual structures), and the maturaviously undescribed role for DNA methylation in meiosis and, on the basis of studies in other systems, we speculate tion of the ascospores (the haploid sexual spores; Aramayo and Metzenberg 1996; Aramayo et al. 1996) . the existence of an intimate connection among meiotic trans-sensing, silencing, and recombination. Spores carrying recessive, loss-of-function mutations in Asm-1 fail to develop, whereas spores with the asm-1 ϩ allele mature normally. Surprisingly, we discovered that MATERIALS AND METHODS in Asm-1 deletion vs. wild-type crosses (i.e., Asm-1 ⌬ ϫ asm-1 ϩ ), the Asm-1 ⌬ deletion allele is ascus dominant;
Procedures for Southern blot analysis and other nucleic acid manipulations were performed as described (Pratt and Ara- all spores within the ascus fail to develop, including mayo 2002). Similarly, Neurospora crassa growth conditions, the ones carrying the asm-1 ϩ allele (clearly defying any conidial spheroplast preparation, and fungal transformation Mendelian notion of segregation). Further work estabwere performed as described (Pratt and Aramayo 2002). lished that pairing of the Asm-1 gene, regardless of
Homokaryon purification was performed as described (Pratt and Aramayo 2002; Lee et al. 2003a) . The formulas for the where it occurs, is essential for normal development. Trans-sensing in Meiosis Vogel's medium N, Westergaard's medium, and the sugar mixture of Brockman and de Serres have been described by Davis and de Serres (1970 we called Rsp RIP93 and rsp RIP94 ( Figure 1A ). DNA sequence analysis of the RIP regions revealed that these alleles tion, directly or indirectly, interferes with trans-sensing but not with meiotic silencing. are 94 and 97% identical to the wild-type region, respectively ( Figure 1A) . ), representing a range of ure 1B).
It was formally possible that the removal DNA methyl-DNA methylation-independent dominance were selected for further analysis (Figure 2A To demonstrate that DNA methylation was affecting on the different Rsp RIP alleles would be determined in cells undergoing meiosis. This is not possible because only trans-sensing but not meiotic silencing, we compared the dominance of deletion or insertion alleles of the developing meiotic cells are immersed in maternal tissue and cannot be isolated in a pure form in NeurosRsp when crossed to wild type in either the presence or the absence of DNA methylation. As expected, crosses pora. The best experiment we could do was to determine the methylation state of the alleles in vegetative between Rsp ⌬ alleles and rsp ϩ [i.e., both (Rsp ⌬(1) ϫ rsp ϩ ) and (Rsp ⌬(2) ϫ rsp ϩ ), Figure 1B ] and between a Rsp tissues, which would represent at least the methylation state of the nuclei entering the cross. We therefore exduplication and rsp ϩ [i.e., (rsp ϩ , Rsp ϩ(ect) ϫ rsp ϩ ), Figure  1B ] produced abundant progeny with roundspores in tracted DNA from vegetative tissues of strains carrying the different Rsp RIP alleles in a dim-2 ϩ and a dim-2 backboth the presence and the absence of DNA methylation. These results are consistent with previous observations ground. DNA was digested with the methylation-sensitive enzyme Sau3AI, fractionated by electrophoresis on (Shiu and Metzenberg 2002) and strongly support the notion that DNA methylation does not affect meiotic a 1.5% agarose gel, transferred to nylon membranes, and probed with radiolabeled fragments corresponding silencing.
Although unlikely, it was also formally possible that to the rsp ϩ allele. Relative to the wild-type band patterns observed in the methylated or demethylated condition, the suppression observed for the Rsp RIP93 allele was due to the presence of a mutation linked to the original the band-shifts observed in the demethylated condition reflect the restriction enzyme sites mutated by RIP on dim-2
(1) mutant allele (Kouzminova and Selker 2001) . To test for this possibility, we generated two new mutant each allele. In contrast, for each allele, relative to the band pattern observed in the demethylated condition, alleles of dim-2 by RIP (called dim-2 RIP89 and dim-2
RIP90
). When combined with the Rsp RIP93 allele and tested, simithe band-shifts detected in the methylated condition represent those restriction sites affected by the DNA lar levels of suppression were obtained (supplementary Figure 1S) . These experiments directly implicate dim-2 methylation in the region. Under these conditions, with exception of the rsp RIP94 allele, the number of sites loss-of-function alleles as allele-specific enhancers of meiotic trans-sensing.
blocked by DNA methylation was similar for all the alleles examined ( Figure 2B ), suggesting that these alleles In summary, we conclude that the dominance of the Rsp RIP93 allele is mostly due to DNA methylation. These are indeed methylated and demethylated in a dim-2 ϩ and a dim-2 background, respectively. Similar results were obdata are consistent with a model in which DNA methyla- , all in the demethylated condition, was used to perform dot-blot analysis (as described in materials and methods), using rsp ϩ as a probe. The intensity of the signal obtained for the different Rsp RIP alleles was then normalized with the one obtained for the rsp ϩ allele. When the percentage of sequence identity was plotted against the relative intensity, a strong linear correlation was obtained (r 2 ϭ 0.9361, supplementary Figure 3S ). Third, having validated the dot-blot assay, we applied it to the analysis of all sequenced and unsequenced Rsp RIP alleles. For this, we estimated the relative intensities for each allele, normalized them to wild type, and plotted against their observed dominance in the absence of DNA methylation (Figure 3 ). The moderate linear correlation obtained (r 2 ϭ 0.8472) suggests that the number of point mutations contributes, at least partially, to the DNA methylation-independent behavior of the alleles in question. Note that this last linear correlation is similar to the one calculated when the percentage sequence identities of the sequenced Rsp RIP alleles relative to wild supplementary Figure 4S ). for silencing, we reasoned that if, in addition to unpairing rsp ϩ (in a DNA methylation-independent manner), we were to unpair the sad-1 ϩ wild-type allele as well, the level of rsp ϩ silencing would correlate with the level of tained with the methylation-sensitive enzyme AvaII (supplementary Figure 2S ).
sad-1 ϩ pairing, which in turn would be dependent on the level of DNA methylation of the Sad-1 RIP64 allele. The The lower the sequence identity of the different Rsp RIP alleles to wild type, the higher the degree of their dominance of the Sad-1 RIP64 allele would then be directly proportional to its own level of DNA methylation, assummeiotic dominance: In addition to DNA methylation, RIP introduces a series of transition mutations, which ing DNA methylation does indeed affect the pairing of b Number reflects the number of mutations present in the duplicated region. For Rsp alleles, a mutant base was scored only if the identity of that base was unambiguously determined across all Rsp alleles sequenced.
c Percentage of identity is relative to the wild-type duplicated region. d RIP index I, TpA/ApT; RIP index II, (CpA ϩ TpG)/(ApC ϩ GpT). Both TpA/ApT and (CpA ϩ TpG)/ (ApC ϩ GpT) are RIP indices described in Selker et al. (2003) . Heavily RIP genes have higher TpA/ApT scores and lower (CpA ϩ TpG)/(ApC ϩ GpT ) scores. and the level of sad-1 ϩ silencing was expected. Lowering ing machinery recognizes the unpaired region and activates meiotic silencing. The trans-sensing step must be the amount of SAD-1 protein should, in turn, translate into both lower silencing of rsp ϩ and higher percentage exquisitely sensitive, given that even the methylation status of the alleles compared is taken into account in of spindle-shaped ascospores.
This prediction was confirmed; in sad-1 ϩ ϫ Sad-1 RIP64 the determination of their pairing potential (i.e., DNA methylation, directly or indirectly, inhibits this meiotic heterozygous crosses, the degree of rsp ϩ silencing was lower in the presence of DNA methylation (compare trans-sensing).
The model predicts that meiotic trans-sensing can be cross 3 with 4, Figure 4) . Consistent with what we observed before, meiotic silencing was unaffected by the dissociated from meiotic silencing. It also predicts that the strength of meiotic silencing is dependent upon the loss of genome methylation (cross 2, Figures 1B and 4) . These data are consistent with the proposal that DNA degree of unpairing. Previously, we demonstrated that the larger the region of DNA that is unpaired, the methylation, directly or indirectly, interferes with meiotic trans-sensing of all methylated alleles, but not with greater the level of meiotic silencing of a reporter gene that is observed (Lee et al. 2004) . Confirming these obsermeiotic silencing.
vations, crosses between sad-1 ϩ and different Sad-1 alleles result in different levels of SAD-1 enzyme, which, in DISCUSSION turn, directly affect the level of meiotic silencing. Some time ago, Colot et al. (1996) , made the amazIn this work, we genetically dissected meiotic transing observation that the DNA methylation state of an sensing from meiotic silencing by demonstrating that allele could be transferred to its homolog during mei-DNA methylation affects sensing without interfering otic chromosome pairing by a mechanism related to with silencing. This observation assigns DNA methylated gene conversion. This observation suggests a mecharegions a previously undetected role in chromosome nism by which a RIP allele could potentially transfer its sensing. We also determined that DNA sequence is an state to its partner on the opposite chromosome. If this important parameter considered in the process.
were the case, then the "silencing" that we observe could Our observations are consistent with the existence of be due, at least in part, to this epigenetic transfer. Three two mechanisms, meiotic trans-sensing and silencing, pieces of evidence strongly argue against this: First, all operating side by side in meiosis. During chromosome Rsp RIP alleles tested can be suppressed entirely by pairing chromosomes "sense" the identity of the regions Sad-1 ⌬ . If even a fraction of the silencing observed is with which they are supposed to pair in the homologous due to this proposed "epigenetic transfer," then this chromosome. If the regions are equivalent, development proceeds normally. If not, the meiotic trans-sensfraction would presumably not be suppressed by the is always lost (Kouzminova and Selker 2001) . The H3-K9-trimethylated mark has also been observed to disappear at some loci (e.g., am
RIP8
), but not at others (e.g., Punt; see Table 1 ; Selker 2001, 2003; Tamaru et al. 2003) . Finally, the transcriptional elongation that is highly perturbed in the presence of DNA methylation can be restored in its absence, at least for some loci (Rountree and Selker 1997) . In this work, we clearly show that DNA methylation is one of the parameters responsible for the dominance displayed by some of the RIP alleles studied here. We also show a correlation between DNA identity and dominance. These observations, however, do not discard the possibility that other factors, like chromatin state, might play a role in ence of DNA methylation their identity would be 55%, assuming all cytosines become methylated. This model is supported by the moderate correlation that we detected between sequence identity and dominance in the Sad-1 ⌬ allele. We would have detected this difference. Second, the epigenetic transfer would have to be unidiabsence of DNA methylation. The other, nonmutually exclusive, chromatin identity rectional and highly efficient to be the primary silencing mechanism. The efficiency of transfer reported by model states that the meiotic trans-sensing machinery determines the pairing potential of two opposite regions Colot et al. (1996) was low. Third, the maintenance of this "epigenetic transfer" would have to be transient and at the level of chromatin. Two euchromatic or two heterochromatic regions would be considered homologous. confined only to ascus development, since the segregation of RIP phenotypes that we observe among the progIn contrast, if a euchromatic region on one chromosome is compared to a heterochromatic region on the other, the eny is Mendelian, unless there is a mechanism for erasing the transfer only from the newly silenced allele.
regions would be considered heterologous and meiotic silencing would be triggered. Under this model the obThis work was possible due to the observation that while highly identical to its wild-type allele, Rsp RIP93 clearly shows served variance in the dependence on DNA methylation for allele dominance can be explained by the different a dominant genetic behavior in the presence of DNA methylation vs. a semirecessive genetic behavior in its abilities of the alleles to maintain heterochromatin in the absence of DNA methylation. Similarly, other loci absence. Why would this be? RIP alleles differ from their wild-type counterparts in essentially four ways: First, they also differ in their maintenance of trimethylated H3-K9 in a dim-2 background (Tamaru et al. 2003) . Furthercontain point mutations. Second, they tend to be methylated. Third, they can be associated with trimethylated more, the correlation detected between sequence identity and dominance could be superficial, reflecting more histone H3 lysine-9 (H3-K9) containing chromatin. Fourth, they are generally transcriptionally inactive. In a difference in AT richness as opposed to simply reflecting changes in nucleotide identity. Given that the the absence of DNA methylation (e.g., as when Rsp RIP93 is propagated in a dim-2 mutant background), some of AT richness of a region correlates with de novo DNA methylation (Tamaru and Selker 2003) and that DNA these differences can be erased. The DNA methylation DNA methylation is known to inhibit meiotic recomcomplexes that recognize this AT-rich signature, as described in the model proposed by Selker et al. (2002) . bination in Ascobulus (Maloisel and Rossignol 1998) and can interfere with V(D)J recombination in mamGiven that RIP mutates CpA dinucleotides preferentially, the mutation level of a DNA region can be easily mals (Engler and Storb 1999). Chromatin structure is also known to affect the positioning of the doublepredicted by using two RIP indexes [TpA/ApT and (CpA ϩ TpG)/(ApC ϩ GpT), Table 1 ; Selker et al. strand breaks associated with recombination (Wu and Lichten 1994) . Sequence homeologies are established 2003]. If the silencing complexes that recognize and methylate demethylated RIP regions de novo also recogbarriers for DNA recombination in a mismatch-repairdependent manner (Rayssiguier et al. 1989 ; Radman nize qualitatively this preference, alleles with strong RIP indexes would also be predicted to maintain silencing and Wagner 1993; Hunter et al. 1996) . In Saccharomyces cerevisiae, recombination inhibition may occur by both better in the absence of DNA methylation.
This latter model could also explain the anomalous an inhibition of double-strand-break formation at sequence heterology (Xu and Kleckner 1995 Hunter et al. 1996) . It is therefore possible that the inhibition of recombination associated dominance (Figure 2A) . It is therefore possible that both of these alleles maintain similar levels of heterowith the DNA methylation and/or sequence homeology of RIP alleles triggers meiotic silencing. If this is the case, chromatin. Perhaps the quality of the AT-rich regions in Rsp RIP102 is more successful at recruiting heterochrothen recombination may promote or facilitate meiotic trans-sensing, which in turn reduces meiotic silencing. matin than those in Rsp
RIP103
. The RIP indexes calculated for Rsp RIP102 and Rsp RIP103 are consistent with this idea This model predicts that the "sensing" of recombination-deficient chromosomal regions is impaired and (Table 1) . Similar arguments can also explain the drastic differences in dominance observed for Rsp RIP103 and that meiotic silencing might not occur in these neighborhoods. This model also predicts that regions that Rsp RIP100 alleles (Figure 2A) . The difference in percentage of identity to wild type of these last two alleles is are recombination proficient might be more sensitive to being unpaired. Finally, the model predicts that at gene regulatory roles in the somatic and meiotic cells of plants (Chandler et al. 2000; Matzke et al. 2001 ; least some components of the meiotic recombination apparatus might be part of the meiotic trans-sensing Stam et al. 2002; Chandler and Stam 2004) . In addition, some genes expressed during meiosis and developmachinery.
Consistent with this, meiotic silencing is partially rement in the mouse have also been postulated to transinteract with each other (Duvillie et al. 1998 ; Herman sponsible for the meiotic sterility of Neurospora interspecific crosses (Shiu et al. 2001) , an effect similar to the et al. 2003) . Paramutation in maize (Chandler et al. 2000; Stam et al. 2002) , transvection of brown Dominant (bw D ) one seen in S. cerevisiae, where the antirecombination effects of mismatch repair lead to meiotic sterility in in Drosophila (Sass and Henikoff 1999) , and the transvective-like effects observed between lox recombination interspecific crosses Hunter et al. 1996) . Recently it has been reported that integration sites in the mouse (Rassoulzadegan et al. 2002) are all similar to the dominance of RIP alleles in three ways: of a reporter gene in a recombinationally impaired region of Neurospora tetrasperma does not result in meiotic First, they could represent sensing-dependent phenomena, in which differential DNA methylation or heterosilencing (Raju and Jacobson 2004) . In maize, a role for Rad51/RecA in chromosome homology recognition chromatin between the loci might be associated with the silencing of the normal allele. Second, these pheduring meiosis has been postulated (Pawlowski et al. 2003) , and male mice defective for the components of nomena, with the possible exclusion of the observation in mice, seem to depend on successful sensing to silence the DNA mismatch repair recognition system exhibit abnormal chromosome synapsis in meiosis (Baker et al.
the homologous allele whereas meiotic silencing seems to depend on the failure of sensing to silence the homol-1995).
In S. cerevisiae, accurate pairing of homologous chroogous allele. Third, these phenomena seem to involve changes in the epigenetic state of the normal allele mosomes requires Hop2, a protein implicated in homology searching and/or recognition. Mutants in this similar to what is seen in Ascobulus, rather than posttranscriptional silencing. Importantly, while the output meiosis-specific recombinase show promiscuous pairing between nonhomologous chromosomes (Leu et al. 1998) , of this trans-sensing may be different, the mechanism of trans-sensing may be universally shared. a defect that can be partially suppressed by overexpressing the recA homolog Rad51 (Tsubouchi and Roeder 
